The placenta is a temporary fetomaternal organ capable of supporting fetal growth and development during pregnancy. In particular, abnormal development and dysfunction of the placenta due to cha nges in the proliferation, differentiation, cell death, and invasion of trophoblasts induce several gynecological diseases as well as abnormal fetal development. Autophagy is a catalytic process that maintains cellular structures by recycling building blocks derived from damaged microorganelles or proteins resulting from digestion in lysosomes. Additionally, autophagy is necessary to maintain homeostasis during cellular growth, development, and differentiation, and to protect cells from nutritional deficiencies or factors related to metabolism inhibition. Induced autophagy by various environmental factors has a dual role: it facilitates cellular survival in normal conditions, but the cascade of cellular death is accelerated by over-activated autophagy. Therefore, cellular death by autophagy has been known as programmed cell death type II. Autophagy causes or inhibits cellular death via the other mechanism, apoptosis, which is programmed cell death type I. Recently, it has been reported that autophagy increases in placenta-related obstetrical diseases such as preeclampsia and intrauterine growth retardation, although the mechanisms are still unclear. In particular, abnormal autophagic mechanisms prevent trophoblast invasion and inhibit trophoblast functions. Therefore, the objectives of this review are to examine the characteristics and functions of autophagy and to investigate the role of autophagy in the placenta and the trophoblast as a regulator of cell death.
Introduction
During pregnancy, the placenta is a fetomaternal organ that connects the mother and baby through the umbilical cord and supports fetal development via the transport of gases, nutrients, waste, etc. The structures of the placenta include the umbilical cord, fetal membranes including the amnion and the chorion, many placental villi, and the basal plate connecting to the myometrium of the maternal uterus [1] .
In particular, the trophoblast gives rise to placental tissues, which secrete several cytokines that enable pregnancy to be maintained. The placenta is derived from the trophectoderm in the outer layers of blastocysts in the early stages of pregnancy. In particular, the cytotrophoblast, which originates from the trophectoderm, rapidly differentiates into the syncytiotrophoblast when the cytotrophoblast makes contact with the endometrium of the maternal myometrium, resulting in infiltration into the extracellular matrix of the endometrium and implantation [2] . The placenta develops by dynamic cellular processes such as the proliferation, differentiation, and death of invasive trophoblasts and involves normal placentation as well as fetal development. However, abnormal placental development due to trophoblast dysfunction causes severe gynecological diseases and several fetal malformations [1, 2] . In particular, proliferation and cell death in the trophoblast is an important factor in placental development [3] . Syncytiotrophoblasts are formed by the fusion of cytotrophoblasts during trophoblast differentiation and assume the function of trophoblasts by forming syncytial knots through syncytial fusion, resulting in ag-gregated nuclei. Syncytiotrophoblasts die by apoptosis during the placental aging process and are then discharged into the peripheral blood of the mother. The loss of syncytiotrophoblasts in the placenta is maintained by cytotrophoblasts in the inner part of the placental villi, and the syncytiotrophoblast rapidly recovers through the proliferation and differentiation of cytotrophoblasts.
There are three types of cell death (Table 1) . Necrosis, which is unprogrammed cell death, induces inflammation in cells by immunological activation and causes death in neighboring cells. In contrast, programmed cell death type I (apoptosis) and type II (autophagy) progress through special programs for cell death [4] . Depending on the cell type, there are correlations between apoptosis and autophagy, which are dependent and independent in distinct steps of their respective programs for cell death [5, 6] . However, autophagy does not consume adenosine 5'-triphosphate (ATP) in the processing of cell death, as apoptosis does. Furthermore, autophagic structures fused with lysozymes (e.g., autolysosomes) located in the cytoplasm are different from those observed during apoptosis (e.g., randomly fragmented nuclei). Several factors including intrinsic (e.g., nutrient starvation) and extrinsic (e.g., hypoxia or stress) factors trigger the unique characteristics of activated autophagy involved in cell death and cell survival [7] . For this reason, many studies have reported multiple roles of autophagy in biological and developmental processes in the cell. However, the mechanisms and pathways of autophagy in placental development and gynecological diseases are still unclear. Therefore, we will address the characteristics of autophagy and its regulation mechanisms and discuss the roles of autophagy in the placenta and in placental diseases.
Characteristics of autophagy 1. What is autophagy?
Autophagy, also known as autophagocytosis, is a catabolic mechanism that involves the digestion of damaged or dysfunctional cellular components through fusion with lysosomes [8, 9] . Additionally, autophagy is necessary to maintain cellular homeostasis during proliferation, differentiation, and cell death as well as cellular survival during nutrient starvation or the blockage of metabolism in the cell [10] .
There are five stages in the process of autophagy ( Figure 1 ) [11, 12] . During the initiation step, autophagy is triggered by the phosphorylation of the UNC-51-like kinase 1 (ULK1) kinase complex, which consists of ULK1, autophagy-related gene 3 (Atg3) and Atg17, and is activated by stress signals from the mammalian target of rapamycin (mTOR) complex 1 in damaged or dysfunctional cells [13] . The activated ULK1 complex activates the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) complex type 3, resulting in the formation of an autophagosome, which is a structure consisting of cellular membrane as nucleation process [14, 15] . After nucleation, an autophagosome is generated by the expression of the Atg family [16] . In the maturation step, an autolysosome is formed by the fusion of an autophagosome and a lysosome. Finally, in the degradation step, the final cellular building blocks are completely digested in the autolysosome with several lysozymes secreted into the cytoplasm. Therefore, autophagy helps to maintain cellular survival in normal conditions; conversely, it also promotes cell death when cells are activated by the digestion of cellular components or the presence of microorganisms in abnormal conditions, such as stress, or nutrient starvation [17] .
Characteristics of autophagy 1) Autophagic pathway in mammalian cells
Generally, moderate levels of autophagy help to maintain the development and differentiation of cells and also maintain cellular survival through the resynthesis of cell building blocks, which are digested in intracellular organelles or proteins, even when cell metabolism is suppressed [8, 9] . There are several factors in each step of autophagy because the mechanism controlling autophagy is complex ( Figure 2 ) [11, 18, 19] . Initially, the mTOR complex induces the phosphorylation of ULK1, which is a type of Ser/Thr protein kinase, and Atg13 when autophagy is not activated. The ULK1 complex, which consists of ULK1, Atg13, and family interacting protein of 200 kD (FIP200), is inactivated by phosphorylation via the mTOR complex [20] [21] [22] . However, the ULK1 complex prevents itself from being phosphorylated, and ULK1 triggers the dephosphorylation of FIP200, Atg13, and itself when the mTOR complex is inactivated by environmental signaling (e.g., nutrient starvation or reactive oxygen species [ROS] accumulation). The FIP200-Atg13-ULK1 complex acts as a node for integrating incoming autophagy signals during autophagosome formation [17] . In normal conditions, Beclin-1 binds to one of the Bcl-2 family proteins, Bcl-2, Bcl-xL, or Mcl-1; however, the complex breaks down by specific signaling [23, 24] . Beclin-1 is bound to PI3K by the ULK1 complex, and the complex gradually binds to p150, AMBRA1, UVRAG, and ATG14/BARKOR [25] . The PI3K complex type 3 is formed by these complexes, and the resulting complex is involved in the nucleation step of autophagy. Therefore, the complex formation controls the activation level of autophagy through inhibition to combine the autophagosome and the lysosome in the complex by binding Rubicon [19] . However, the nucleation step occurs in the membranes of the endoplasmic reticulum or the mitochondria by the activation of the PI3K complex type 3. The PI3K complex activated by the ULK1 complex forms PI3P on the membrane, resulting in an autophagosome formed on a chipped-off fragment of the membrane. The membrane used in this step is referred to as an isolation membrane, and this process is referred to as nucleation. Atg family proteins are involved in the formation of the autophagosome at this point [18] . Initially, the autophagy-related protein 12 (Atg12) conjugation system is activated by the binding of the glycine residue on the C-terminal of Atg12 and Atg7, which is a ubiquitin E1-like protein. The processing of autophagy and the roles of autophagy in variable diseases. Membrane fragments form the phagosome, which wraps intracellular materials formed during nucleation. Autophagosome formation is accomplished during the elongation phase. In the maturation process, an autophagosome fuses with a lysosome to form an autolysosome. Intracellular materials in the phagosome are degraded by lysozymes. Autophagy is involved in variety of diseases (e.g., hepatic, cardiac, and neuronal diseases; cancers; infections; and immune deficiencies) as well as aging through certain mechanisms [11, 12] . Signaling pathway regulation of autophagy by several factors. Autophagy is activated by the MAPK/ERK pathway and the PI3K/ AKT pathway. In particular, the mTOR complex is mainly activated by the MAPK/ERK pathway; however, it is inactivated by the accumulation of rapamycin or ROS. During the initiation step, autophagy is triggered by the phosphorylation of the ULK1 kinase complex, which consists of ULK1, Atg3, and Atg17 and is activated by stress signals from the mTOR complex 1 in damaged or dysfunctional cells. The activated mTOR complex phosphorylates ULK1 and Atg13, which represses the ULK1 complex. However, the inactivated mTOR complex dephosphorylates ULK1, which results in self-phosphorylation and activation of the FIP200-Atg13-ULK1 complex, which acts as a node for integrating incoming autophagy signals into autophagosome formation. The activation of the Vps34 complex plays a role in the formation of the isolation membrane and the subsequent nucleation. Therefore, the signaling of autophagy is regulated by ROS or rapamycin, the AMP/ATP ratio, hypoxia, 3-MA, and the combination of Rubicon with the PI3K complex type 3 [17, 19] . ROS, reactive oxygen species; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, protein-serine/threonine kinase; MAPK, mitogen-activated protein kinases; ERK, extracellular signal-regulated kinases; mTOR, mammali an target of rapamycin; AMPK, 5' adenosine monophosphate-acti vated protein kinase; BNIP3, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; AMP, 5' adenosine monophosphate-activated protein; APT, adenosine 5'-triphosphate; 3-MA, 3-methyladenine; UVRAG, UV irradiation resistance-associated gene; ULK1, UNC-51-like kinase 1; FIP200, family interacting protein of 200 kD. plex by binding to the Atg12-Atg5 complex. In the Atg8 (light chain 3, LC3) conjugation system, Atg4 is capable of cysteine proteinase digestion to remove the arginine residue of the C-terminus of Atg8, which is bound to Atg3 by activated Atg7, and conjugated Atg3 mediates the binding of Atg8 and phosphatidylethanolamine (PE). Formation of the Atg12-Atg5-Atg16L complex from these steps involves expanding the autophagosome, resulting in the complex molecules being scattered into the cytoplasm. Additionally, the Atg8-PE complex is involved in the expansion of the autophagosome and is a useful component for autophagosome formation because it exists on the membrane of the autophagosome before lysosome binding. Elongation during autophagy is the process of forming the autophagosome via a ubiquitin-like conjugation system after the nucleation step. The maturation step of autophagy is the process of binding the lysosome to the autophagosome. The binding of the autophagosome and the lysosome induces the digestion of damaged cellular organelles by lysosomal enzymes, resulting in the release of the final digested products into the cytoplasm. These are the degradation steps of autophagy. The digested molecules, including amino acids and fatty acids, are recycled as cell building blocks or an energy source for cellular survival or the resynthesis of cellular organelles [16] .
2) Autophagy-related intracellular and extracellular factors
Autophagy-related factors are divided into intrinsic factors in cells and extrinsic factors affecting the surrounding microenvironment of cells ( Figure 3 ). The intrinsic factors within cells are regulated by nutrient starvation, the concentration of Ca2 + , transcriptional genes, the concentration of amino acids, damage to the proteosome, and the accumulation of compounds secreted from damaged cells or microorganelles to maintain cell survival [26, 27] . Cells must produce sources of energy to support metabolism when undernourished. Therefore, cells digest several compounds through autophagy to supplement deficient nutrients or energy. Increased Ca2 + concentration in the cytoplasm activates calmodulin (CaM), which triggers CaMKKβ activation and inhibits the phosphorylation of the mTOR complex [28] . Additionally, CaM activates DAPK, thus accelerating the phosphorylation of Beclin-1. Phosphorylated Beclin-1 separates into Beclin-1 and Bcl-2, resulting in Beclin-1 activation [29, 30] . Therefore, the concentration of Ca2 + in the cytoplasm of cells triggers activation of the autophagic mechanism.
It is well known that hypoxia is involved in cell survival as well as cell death through the activation of autophagy [31, 32] . Activated hypoxia inducible factor (HIF) under hypoxic conditions activates the BH3-only proteins BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) and BNIP3L through Beclin-1 combined with Bcl-2/ Bcl-xL or the BH3 domain [33] . During this process, the activated BNLP3/ BNIP3L complex binds to Bcl-2 and Bcl-xL and induces the separation of Beclin-1 to form the complex.
Transcriptional factors are also involved in the activation of autophagy. In particular, p53, which is a tumor suppressor gene, inhibits the G1-to-M phase transition through phosphorylation of p53 when cells are exposed to nutrient starvation, such as a lack of glucose. These processes help to maintain cellular survival. In cytotoxic stress conditions, p53 is activated as a transcriptional factor and promotes the activation of transcription factors related to autophagy such as Sestrin 1/2, TSC2, and 5' adenosine monophosphate-activated protein kinase (AMPK) β1/β2 [34] . Generally, the expression of these genes triggers the activation of autophagy through the inhibition of mTOR; however, inactive p53 in the cytoplasm inhibits autophagy through the inhibition of the ARF transcription factor in normal conditions [35] . Additionally, autophagy is regulated by other transcriptional factors, including eIF2α and FOXO3, which are capable of controlling the expression of the Atg family.
Autophagy is also activated by ROS, which accumulate in nutrientdeficient conditions [36] , and mitochondrial DNA damage or deletions. AMPK is activated by dysfunctional mitochondrial proteins derived from inadequate ATP production by damaged mitochondrial DNA. Activated AMPK activates autophagy via the inhibition of mTOR [37] . 3-Methyladenine (3-MA), as an extrinsic factor, is a representative inhibitor of autophagy through block conversion of LC3 by the suppression of PI3K. Rapamycin can directly inhibit mTOR and is used as a representative extrinsic factor that activates autophagy [38] . Also, in- 
3) Balance between growth and cell death through autophagy
During cellular events, autophagy is required to maintain cell survival as well as to induce cell death according to cell type or autophagy-related factor. For example, autophagy in cancer is involved in cellular survival through the activation of autophagy in abnormal conditions (e.g., nutrient deficiency, hypoxia); conversely, autophagy suppresses the growth of cancer cells or induces the death of cancer cells exposed to chemical injury or radiation [12] . Additionally, autophagy helps to inhibit the proliferation and growth of tumors by suppressing angiogenesis. Autophagy induces the death of cancer cells when ARHI, a tumor suppressor gene, inhibits the PI3K/AKT pathway [39] . At this point, relevant cell growth factors and pro-angiogenesis factors activate autophagy, resulting in an involvement of autophagy in the proliferation, survival, or death of cancer cells that is dependent on the PI3K/AKT pathway.
Although autophagy can be a tool for the survival of most cells in poor conditions, autophagy can also induce the death of cells via digestion processing, regardless of the normal and damaged components in cells in over-activation of autophagy by abnormal conditions, such as apoptosis or cellular injuries by infectious pathogens [40] . For the reason, many scientists have been focused on the over-activation of autophagy as a therapy against cancer cells and have demonstrated that autophagy can inhibit the development of cancer by inhibiting the accumulation of injured mitochondrial DNA. Thus, it is important to maintain the homeostasis of autophagy for cell survival.
Generally, autophagy-related proteins activated by stress signals from cells suppress apoptosis, whereas activated apoptosis suppresses autophagy [41] . Additionally, the binding of Bcl-2 and Beclin-1 inhibits autophagy, whereas the inhibition of Bax suppress apoptosis [42] . Cells progress to apoptosis, which is type I programmed cell death, when their DNA is damaged or when externally stimulated. However, autophagy activated by the inhibition of apoptosis due to the lack of caspases, Bax, and Bak is type II programmed cell death [43] . The interaction between apoptosis and autophagy is regulated by autophagy-related factors such as Bcl-2, Atg5, and p53. However, their interaction and the detailed mechanism through which this takes place should be further studied in the future.
Although many studies have reported mechanisms for survival and death via autophagy, there are still multiple unclear functions of autophagy in cells depending on cellular conditions. Basically, the balance of autophagy in cells is important because excessively high or low rates of autophagy cause cell death. For example, activated autophagy in hepatocytes in a nutrient-deficient mouse model triggers gluconeogenesis by binding fatty acids and amino acids digested from other molecules or proteins in cells, which decreases insulin expression [44] . Thus, in this case, autophagy has the role of promoting cell survival by controlling the glucose level of blood. In contrast, autophagy triggers cell death in human hepatocellular carcinomas after being activated by the inactivation of histone deacetylase 1 (HDAC1) [45] . Additionally, Komatsu et al reported that in the neuronal cells of an Atg7-deficient mouse model, a lack of autophagy induces neuronal diseases, which means that autophagy plays a role in neuronal survival [46] . Treating the rat neuronal PC12 cancer cell line with propofol enhanced the survival rate of cells via the inhibition of autophagy, and the results suggest that autophagy causes the death and survival of cells [47] . Additionally, autophagy-related neuronal diseases help cells to survive by maintaining homeostasis and preventing the buildup of toxic levels of intracellular proteins in cells [48] . However, a toxic form of the amyloid precursor protein (APP) can accumulate in the autophagosome because the intracellular accumulation of substances does not decompose gradually when a high level of autophagy induces the autophagosome to combine with the lysosome. It was reported that activated autophagy eventually causes cellular injury in these conditions. Also, autophagy in heart disease ensures the survival of myocardial cells through AMPK activation in myocardial infarction with glucose deficiency, whereas activated autophagy induces injury of cells when the expression of Beclin-1 is increased despite the inactivation of AMPK by perfusion [49, 50] . Thus, abnormally activated autophagy causes the death of cells targeted in several diseases.
Characterization of the placenta 1. Development of the placenta
The blastocyst is formed after fertilization and attaches to the endometrium of the maternal uterus. The trophectoderm in the outer layer of the blastocyst differentiates into the trophoblast, and in turn, the trophoblast facilitates implantation through the secretion of enzymes, which cause the uterine lining to partially disassemble [2] . The blastocyst penetrates into the endometrium within approximately 7 to 12 days after fertilization. Then, the blastocyst in the inner layer differentiates into the cytotrophoblast, which is a mononuclear cell, whereas the blastocyst in the outer layer differentiates into the syncytiotrophoblast, which includes multinuclear cells, via cell to cell fusion. Finally, the layers of the trophoblast gradually grow, and lacunae begin to appear in the syncytiotrophoblast [7] . The trophoblast not only supplies nutrients from maternal blood but also protects the embryo and the fetus from maternal immunological attack. The lacunae eventually give rise to uteroplacental circulation and expand throughout the syncytiotrophoblast, which surrounds the blastocyst.
After fertilization, the embryo is nourished solely through diffusion for a week until the neovascularization and vascular remodeling process is established. During this time, the embryo is rapidly growing and requires increased nutritional supply. Maternal-fetal material exchange can be increased by the completed formation of the substantial area in which they are in contact during the development of the utero-placental circulation system, even though their blood flows are not directly connected. Approximately 12 days later, the cytotrophoblast starts to penetrate the endometrium, and the lacunae keep growing in the syncytiotrophoblast, which allows maternal arterial capillaries to fuse with the lacunae to form the intervillous space. Thirteen days after fertilization, the blastocyst completely enters the endometrium, and trophoblasts penetrate the syncytiotrophoblast, forming the primary chorionic villi. The outer layer of the placenta protrudes from the villi and is referred to as the chorionic plate. Secondary villi arise when the extraembryonic mesoderm starts to form from primary villi 16 days after fertilization. The extraembryonic mesoderm expands through the lacunae, which are filled with maternal blood. Almost 3 weeks later, the villous mesoderm differentiates into connective tissue and capillary vessels and connects embryonic blood vessels. This circulation system functions to circulate embryonic blood through villous capillary vessels. These structures are called tertiary villi. As the villi grow, the villi of the decidua capsularis degenerate to form the chorion laeve. The villi adjacent to the decidual plate rapidly grow to form the chorion frondosum. Then, the decidual plate and the chorion frondosum form the placenta. Four weeks later, as maternal blood flows into the placenta through spiral arteries and out through uterine veins, the basic structures of the placenta have been formed. Subsequently, all maternal-fetal material exchange occurs through the villous membrane surrounding the capillary vessels, the connective tissue surrounding the villous membrane, the cytotrophoblast and the syncytiotrophoblast, which form the placental barrier. The closest chorionic villus to maternal blood keeps growing and expanding in the chorionic tissue. By expanding the amniotic sac surrounding the embryo, the chorionic villi far from maternal blood are slowly pushed out and degenerate to form the chorionic layer. Twenty weeks after fertilization, the amnion, the chorion and the decidual layers appear to be complete structures. After 4 months, the placental structure is complete, and no further morphological changes occur. With this structure, the placenta helps the mother supply essential nutrients to the fetus [1] .
The functions of the placenta related to maternal and fetal metabolism
Through the chorionic villi encircled by uterine spiral arteries, maternal blood flows into the entire placenta. The fetus absorbs maternal blood in through the placenta by two umbilical arteries spanning the placental surface. These arteries continue to spread into the placenta until the blood reaches the capillary vessels of chorionic villi, and maternal-fetal gas exchange takes place through these villi. Therefore, the chorionic villus can be regarded as the main structure performing the fundamental roles of the placenta. Additionally, the fetus releases waste materials into maternal blood through only one umbilical vein. The placenta also plays an important role in protecting the fetus against maternal immunological attacks, and the placental barrier helps to block harmful materials from flowing into the fetus from maternal blood. Moreover, by maintaining proper concentrations of hormones such as progesterone, estriol, and steroids, the placenta helps to maintain pregnancy and aids the activity of uterine muscles during pregnancy.
Autophagy in the placenta 1) The role of autophagy in the normally developed placenta
Autophagy in the normally developed placenta plays multiple very important roles in embryo development. It has been reported that embryonic or fetal death increases by inactivating autophagy-related genes in mouse models, and this result suggests that autophagy plays important roles in the survival of neonates during nutritional deficiency at the early stage of birth [51] . By administering rapamycin, which induces autophagy and represses the mTOR complex, autophagic activation has been shown to function as a repressing factor in the growth of cervical fascia. It was reported that the growth and remodeling of cervical fascia progresses by regulating autophagy through the PI3K-Akt-mTOR pathway during pregnancy [52] . Additionally, it has been reported that the PI3K-Akt-mTOR pathway regulates the differentiation of trophoblasts in a mouse model [53] , but it has not yet been reported that autophagy affects the differentiation of trophoblasts in pregnant women by activating LC3-II and Beclin-1, direct markers of autophagy that were analyzed and compared between normally developed full-term placentas and placentas in women in their first trimester. The markers were observed in prevalently activated patterns in villous cytotrophoblasts in the placenta during the first trimester and were activated in the cytoplasm of trophoblasts in full-term placentas [54] . Through these characteristic changes of autophagic markers, the cytotrophoblast and the syncytiotrophoblast displayed distinctive activation in accordance with gestational age. Therefore, autophagy is essential for placental development and for maintaining pregnancy. It has also been reported that autophagy is induced in placentas with preeclampsia [55, 56] and that LC3 activation is lower and placental apoptosis is higher in the placenta of women with gynecological disease than in normally developed pregnancies [57, 58] . Therefore, which cells of the placenta undergo autophagy and how autophagy contributes to cell survival are still unclear. Additional studies are required regarding whether apoptosis and autophagic mechanisms inducing cell death function differently in cell survival during unfavorable conditions.
2) The role of autophagy in trophoblasts
Trophoblasts are one of the main types of cells composing the placenta, and they help to maintain pregnancy by releasing pregnancy related cytokines. Additionally, trophoblasts are directly involved in implantation through their infiltration ability. The trophoblast, situated between the feto-placental unit and maternal blood, functions as a physical an d immunological barrier against pathogens in order to maintain fetal growth. Oxygen and glucose concentrations change with gestational age, and cytotrophoblastic autophagy changes in response in the trophoblast [59] . Recently, it has been reported that trophoblast-derived exosomes and chromosome 19 miRNA (C19MC) increase antiviral defense in the maternal-fetal interface by inducing autophagic activation [60] . Importantly, it was reported that trophoblastic autophagy is increased by hypoxia more than any other inducing factor. Normal placentation is accomplished by increasing autophagy, which is induced by physiological hypoxic conditions (17.9 mm Hg) in the early stage of pregnancy. However, autophagy-related protein 7 (Atg7), which is silenced by hypoxia, decreases LC3-II and apoptosis in human primary trophoblasts. Therefore, hypoxia has a dual role in apoptosis and autophagy in trophoblasts [61] . In our previous report, we showed that the overexpression of HIF-1α by hypoxia induces LC3-II activation and represses phosphorylated mTOR, and activated autophagy induce increased matrix metalloproteinase (MMP)-2 and MMP-9 expression, which increase trophoblast infiltration [62] (Figure  4 ). This increased trophoblast infiltration involves autophagy, which maintains homeostasis by consuming cellular energy induced by HIF-1α [63] . When induced by external factors such as hypoxia, autophagy directly affects trophoblast infiltration during normal placental development.
Autophagy in placentas with gynecological diseases. 1) Intrauterine growth restriction
Intrauterine growth restriction (IUGR) results in a low-weight fetus due to abnormal development. A fetus needs to develop sufficiently according to its genetic potency, but a fetus with IUGR is unable to grow or develop sufficiently without complete placentation. Although the cause of this condition is still unclear, it has been suggested that IUGR occurs when the spiral arteries are not completely developed due to abnormal penetration of the endometrium by the cytotrophoblast. In recent studies that compare normal pregnancy with IUGR, expression levels of LC3 and Beclin-1 and the formation of the autophagosome were observed, and it was found that abnormal placentation causing IUGR is related to the imbalance of cell homeostasis, which increases autophagy in the cytotrophoblast [64] . Other studies suggest that based on the expression of LC3, Beclin-1, and the Atg family, autophagy is found to be increased more in placentas with fetal growth restriction (FGR) than in normal placentas, and therefore, the main cause of FGR seems to be autophagy, which damages the development and function of the placenta [65] . Autophagic and apoptotic mechanisms sometimes appear to interact with each other [66] . Comparing the cytotrophoblast and the syncytiotrophoblast in normal pregnancy with IUGR, apoptosis is more frequent in IUGR [67] . Based on the result that autophagy is elevated in placentas with IUGR compared with normal placentas, autophagy might be an important factor in gynecological diseases.
2) Preeclampsia
Preeclampsia is a disorder involving hypertension with proteinuria during gestation. Preeclampsia leads to proteinuria of 300 mg/day or Eclampsia includes convulsions and paroxysms that happen at 6-7 months gestation. Thus, it is a disorder of the fetus capable of inducing damages at the end of pregnancy. The main causes of preeclampsia are not yet known, but many studies are still being conducted to clarify the relevant mechanisms. However, it was recently suggested that the syncytiotrophoblast penetrates abnormally into the endometrium after implantation and results in a reduced blood supply to the fetus from the mother, leading to hypertension and preeclampsia. One of the majors causing of this condition is extreme ROS accumulation resulting in deficient antioxidant protection [68] . Because ROS accumulation functions as an activator of autophagy, the research for demonstrating the relationship between autophagy and preeclampsia is ongoing. The expressions of the autophagic markers (e.g., LC3, Beclin-1, autophagosome formation) are shown to have different patterns during normal pregnancy and pregnancy with preeclampsia because various environmental factors including hypoxia control their expression. It has been reported that autophagic markers in the JEG-3 cell line (the human placental choriocarcinoma cell line) were increased when they were exposed to hypoxia [56] . Because the suggested cause of preeclampsia is oxygen stress, cells were exposed to hypoxic conditions in vitro to obtain a similar model of the placenta with preeclampsia [69] . According to research on trophoblasts in placenta with preeclampsia, the expression of Beclin-1 and LC3 and the autophagosome formation level were shown to be higher than in normal placentas [70] . Additionally, autophagy and apoptosis were shown to be higher in placentas with preeclampsia than in normal placentas [71] . It was reported that poor placentation is induced by decreased infiltration of trophoblasts due to abnormal processing for autophagy, which is activated by soluble endoglin (sENG), a substance detected in blood plasma during pregnancy with preeclampsia [72, 73] . Also, it was reported that the inactivation of autophagy represses trophoblast infiltration and vascular remodeling due to excessive hypoxia, causing poor placentation, as observed in preeclampsia [74] . Based on these results, autophagy is regulated during placentation and appears to be a possible factor in preeclampsia, but further studies are required.
Conclusion
Autophagy plays an important role in cell survival and is induced by various factors. Additionally, autophagy leads to cell death according to cell conditions and certain mechanisms. This process functions in cell growth and development by using the building blocks that result from cell death. Autophagy is also induced in trophoblasts throughout placentation. Autophagy in the placenta aids in the development and remodeling of the endometrium, removing damaged cell organelles, maintaining cell homeostasis and the differentiation and infiltration activity of trophoblasts. Although the mechanism is still unclear, it seems to help maintain proper maternal-fetal material exchange during normal placental development. Additionally, abnormal regulation of autophagy is involved in various diseases. In gynecological diseases related to the placenta, abnormal placental development can arise from abnormally regulated autophagy due to external factors, such as hypoxia, that affect fetal development. In previous studies, the expression of autophagy markers, such as LC3-II, Beclin-1, and the Atg family, were detected in several gynecological diseases such as preeclampsia and IUGR. These studies suggest that autophagy is a possible factor in normal placentation as well as obstetrical diseases, but the precise mechanism requires further research.
